background: Chromosome segregation errors during human oocyte meiosis are associated with low fertility in humans and the incidence of these errors increases with advancing maternal age. Studies of mitosis and meiosis suggest that defective remodeling of chromatin plays a causative role in aneuploidy. We analyzed the histone deacetylation pattern during the final stages of human oocyte maturation to investigate whether defective epigenetic regulation of chromatin remodeling in human oocytes is related to maternal age and leads to segregation errors. results: Human GV oocytes had an intense staining of the chromatin for all four histone 4 lysine acetylations. MI and MII stage oocytes showed either normal deacetylation or various amounts of defective histone deacetylation. Residual H4K12 acetylation was more frequently found in oocytes obtained from older women, with a significant correlation between defective deacetylation and maternal age (r ¼ 0.185, P ¼ 0.007). Eighty-eight percent of the oocytes with residual acetylation had misaligned chromosomes, whereas only 33% of the oocytes that showed correct deacetylated chromatin had misaligned chromosomes (P , 0.001).
Introduction
Aneuploidy is one of the main underlying causes of human infertility and is primarily caused by segregation errors during female meiosis (reviewed in Hassold and Hunt, 2001; Jones, 2008) and the frequency of these errors increases with advancing maternal age (Hassold and Hunt, 2001; Pellestor et al., 2003; Jones, 2008) . Although the occurrence of premature sister chromatid separations and non-disjunction has been described (Angell, 1991; Pellestor et al., 2003; Kuliev et al., 2005; Garcia-Cruz et al., 2010a) , the exact mechanisms causing division errors and the specific genes/proteins involved are still unknown. Chromosome structure is of critical importance for faithful chromosome segregation during mitosis as well as meiosis (Ekwall et al., 1997; Robbins et al., 2005; Akiyama et al., 2006; Ivanovska and Orr-Weaver, 2006; Wang et al., 2006; Eot-Houllier et al., 2009) . Defective remodeling of chromatin, which determines the structure of chromosomes, is thus a possible cause of abnormal segregation during human oocyte meiosis.
After maturation from a primordial to an antral follicle, oocytes must switch from a transcriptionally active stage to a transcriptionally silent stage characterized by strongly condensed chromosomes, which permits faithful segregation during meiosis. At the final maturation phase, just prior to the meiotic segregations, gene transcription is terminated (Bouniol-Baly et al., 1999; Miyara et al., 2003) , and the chromosomes are arranged for division. For this transition in transcriptional activity, the chromatin of the oocyte needs to be drastically altered from a conformation that favors gene transcription at the germinal vesicle (GV) stage to a structure that allows for two sequential chromosome divisions in a correct and timely manner during metaphase I and II (MI and MII) . Changes in chromatin conformation are established through modifications on the basic subunits of the nucleosome, the histone proteins. Histones can be modified through the addition or removal of small molecule groups, such as methyl, phospho and acetyl groups, that are covalently bound to specific residues in the histone tails (reviewed in Fischle et al., 2003) .
To form a chromatin structure that permits the condensation and segregation of chromosomes, histone modifications that favor gene transcription, such as acetylation of histones H3 and H4, are removed during the final steps of oocyte maturation and meiosis (Kim et al., 2003; Endo et al., 2005) . The hypo-acetylated state of chromatin is regulated through a balance of the activity of two groups of enzymes: the histone acetyl transferases, which are responsible for adding acetyl groups, and the histone deacetylases (HDACs), which remove acetyl groups to permit heterochromatin formation. Inhibition of these HDACs leads to chromosome instability in meiotic and mitotic cells (Ekwall et al., 1997; Cimini et al., 2003; Robbins et al., 2005; Akiyama et al., 2006; Wang et al., 2006; Eot-Houllier et al., 2009) .
The regulation of chromatin configurations in human oocytes has not yet been investigated, nor is it known whether abnormal chromatin organization is implicated in aneuploidy. To investigate the possible relationship between epigenetic modifications and segregation errors in human oocytes, we studied the deacetylation dynamics of histones during the last phases of meiotic maturation in combination with an assessment of spindle structure and chromosome alignment in surplus human oocytes. As oocytes of older women are known to have reduced developmental competence and to be extremely prone to aneuploidy (Pellestor et al., 2003) , we therefore hypothesized that inadequate deacetylation during human oocyte maturation could be involved in the etiology of (age-related) aneuploidy. Based on our experiments, we suggest that segregation errors during human female meiosis are related to the faulty regulation of chromatin and that this regulation becomes more defective in oocytes as maternal age advances.
Materials and Methods

Ovarian stimulation and ovum retrieval
Stimulation schemes were chosen according to patient requirements and generally consisted of ovarian hyperstimulation with recombinant FSH (rFSH) and co-treatment with either GnRH antagonist or GnRH agonist. Ovum retrieval was performed 35 h after hCG injection. In ICSI treatments, oocytes were denuded after ovum retrieval and checked for the maturation stage. In IVF treatments, oocytes were inseminated as cumulus-oocyte complexes. On the following day, the oocytes were checked for fertilization. This study was approved by the local ethics review committee of the Erasmus MC Hospital (MEC 2007-130) . To confirm that surplus oocytes could be used for research purposes, couples undergoing an ICSI/IVF treatment were informed of the study and could sign an objection declaration.
Oocyte collection
After ovum retrieval, cumulus-oocytes complexes were collected in G-MOPS culture medium (Vitrolife, Sweden) and cultured in G-IVF medium (Vitrolife, Sweden) under 5% CO 2 until pronuclear assessment at Day 1 . Oocytes at the GV and MI stage are considered not suitable for fertilization and are thus not used in ICSI treatments. GV oocytes were fixed 3 -7 h after ovum retrieval. MI and MII oocytes were collected at two time points. One group (Day 0) was obtained from patients whose semen parameters were too low to inject all oocytes or who wanted to fertilize only some of their oocytes for personal reasons. These surplus oocytes were collected 4 -8 h after ovum retrieval. The other group (Day 1) was collected 20 -24 h after insemination (IVF) or injection (ICSI). These oocytes did not show any signs of fertilization (one polar body and no pronuclei) and were therefore considered surplus. Oocytes from total fertilization failures were not included in this study. All oocytes were fixed as soon as they became available after donation for research.
Fixation, immunocytochemistry and microscopy
Oocytes were fixed as described previously (De Santis et al., 2007) with some minor modifications. For a detailed description of the methods, see Supplementary data, Table S1 . Oocytes and cumulus control cells were analyzed on an epi-fluorescence microscope (Axioplan 2, Zeiss, Germany) equipped with appropriate filter sets and a charge-coupled device video camera, and images were captured with ISIS Imaging System software (Metasystems, Germany). For three-dimensional analysis, we used a confocal microscope with appropriate lasers and software (Zeiss LSM510). Both epifluorescent and confocal images were quantified with Image J (Abramoff, 2004 ) through a comparison of the histone modification staining in the 4',6-diamidino-2-phenylindole (DAPI)-positive region with the cytoplasmic background staining. For confocal analysis, settings were kept constant for the laser intensity and the interval of the Z series was kept constant. Bleed through of DAPI was assessed by image acquisition of the acetylated H4K12 (H4K12ac) laser wavelength set to zero. In case of bleed through, the H4K12ac staining was quantified against the DAPI bleed through signal. Cumulus cells were taken as a positive control in each experiment. As each oocyte was fixed individually at the moment of donation, this resulted in a variation in fixation and storage time for which no internal reference standard was available. Meaningful comparison of quantified intensities between individuals was therefore not possible.
Only oocytes that had maternal chromosomes, an indication that they were still in the MII stage, were used. Oocytes that either had a pronucleus or had degenerated DNA were excluded from the analysis.
Oocytes were scored for chromosomal alignment according to previously published classifications (Battaglia et al., 1996; Hodges et al., 2002; Li et al., 2006) . Oocytes that had paternal chromatin that was indistinguishable from the maternal chromatin, and oocytes in which the spindle orientation could not be observed, were considered not analyzable. To define the range of the misalignment, we measured the width of the chromosome alignment. A perfect alignment in which all chromosomes were arranged on the equatorial plate was scored as 1 (width of 1 chromosome) and considered normal. Alignments spanning two and three chromosome lengths were still considered normal. Oocytes were considered to have congression failure if the width of the chromosomes around the equatorial plate spanned four chromosome lengths or more. Oocytes with a single chromosome clearly sitting apart from the remaining aligned chromosomes were considered as chromosome lagging. Images were deconvoluted with SVI software (SVI, The Netherlands) when necessary. Spindle structure and chromosome alignment were scored by two researchers who were unaware of the acetylation status of the chromatin.
Statistics
To analyze the relationship of residual acetylation with maternal age and the association of residual acetylation with chromosome misalignment, we used the x 2 test and Spearman's correlation. When necessary, correction for small numbers was performed with Fisher's exact test. For the difference in median age between groups of oocyte donors, the Mann-Whitney U-test was used. Statistical significance was defined as P , 0.05 (Statistical Package for the Social Sciences 15.0, USA).
Results
Regulation of histone acetylation during human oocyte maturation
To determine the acetylation pattern of human oocytes during meiotic maturation, we analyzed the acetylation status of four lysine residues on histone 4, H4K5, H4K8, H4K12 and H4K16, at different maturation stages, GV, MI and MII in surplus oocytes from IVF treatments (numbers analyzed shown in Supplementary data, Table S2 ). We collected both un-inseminated (virgin) MII oocytes at the day of ovarian aspiration (Day 0) and failed fertilized MII oocytes at Day 1 to investigate the acetylation status of MII oocytes that had matured in vivo (Supplementary data, Table S2 , Table I ). In surplus human GV oocytes collected at Day 0 from ICSI treatments, we observed two types of DNA configurations: oocytes with DNA dispersed around the large nucleolus with a number of condensed bodies (nonsurrounding nucleolus, NSN, Fig . Some chromatin regions have intense staining, whereas other (dense) regions showed no acetylation (overlay C). A more developed human GV oocyte with a surrounding nucleus stained for chromatin (blue, DAPI; D) and histone acetylation (red, anti-H4K12ac; E) has chromatin that is far more condensed (D) than the NSN GV, but it still has acetylated chromatin (E), as shown by the overlay (F). Scale bar represents 10 mm.
of the oocytes at H4K5, H4K8, H4K12 and H4K16 (Table I, Fig. 2 ). However, a substantial percentage of the oocytes had residual acetylation at the MI and MII stages ( 
H4K12ac and maternal age
A factor that is known to strongly influence human oocyte quality and developmental competence is advanced maternal age (Jones, 2008) . A previous study in mouse oocytes showed that maternal age is related to residual acetylation of two lysines on histone 4 (H4K8 and H4K12) (Akiyama et al., 2006) . We hypothesized that in human MII oocytes, maternal age might also negatively influence the deacetylation process. Because in mouse oocytes, the difference between the percentage of residual acetylation in old and young mice was most prominent for the acetylation on H4K12 (Akiyama et al., 2006) 
H4K12ac and chromosome misalignment
Previous data on mouse and porcine oocytes have shown that inhibition of HDACs during in vitro maturation (IVM) leads to hyperacetylated histones, resulting in a high rate of aneuploidy in oocytes and zygotes (Akiyama et al., 2004; Wang et al., 2006) . To investigate whether residual acetylation following normal in vivo maturation is also related to chromosome and spindle abnormalities, we analyzed human virgin and failed fertilized MII oocytes for H4K12ac and the spindle component a-tubulin. Oocytes were classified according to previously published criteria (Battaglia et al., 1996; Li et al., 2006) . In total, 55 oocytes had an informative spindle and chromosome structure. We observed different types of chromosome alignment abnormalities, varying from a single chromosome lagging to complete failure of congression of all chromosomes along the metaphase plate [ Fig. 3 and Supplementary data, Fig. S1 (movies)]. After scoring for spindle and chromosome alignment, oocytes were categorized according to their acetylation status (residual acetylation or deacetylation).
Oocytes that had residual acetylation of H4K12 had significantly more misaligned chromosomes, either with or without an abnormal spindle structure (88.2%, 30/34), than the oocytes with deacetylated chromatin (33.3%, 7/21; x 2 P ¼ 0.001, Table III ). These data show that the risk of chromosome misalignment was 15 times higher in oocytes with residual acetylation compared with those with correct deacetylation (odds ratio ¼ 15; 95% confidence interval: 3.76 -59.78, P , 0.0001). The Day 0 oocytes, consisting of high-quality Day 0 virgin oocytes, show a similar significant effect of residual acetylation on metaphase abnormalities (Table III, Fisher's exact test for correction on small number P ¼ 0.024). As shown above, our data showed a significant correlation of advancing maternal age with increasing residual acetylation (r ¼ 0.185, P ¼ 0.007, Table II and Supplementary data, Fig. S2A ) as well as a significant correlation between acetylation and abnormal metaphase alignment (r ¼ 0.568, P ¼ 0.0001, Table III ). To control for collection day as a possible confounder, we split the data into groups according to age and collection days. The graph for age and misalignments (Supplementary data, Fig. S2B ) has a similar pattern as the graph showing age and residual acetylation (Supplementary data, Fig. S2A ) and there was no difference between the two collection days, indicating that failed fertilized oocytes were not different from Day 0 virgin oocytes. Figure 2 Histone deacetylation during human oocyte maturation. GV, MI and MII oocytes were stained for H4K5ac (A1 -A15), H4K8ac (B1 -B15), H4K12ac (C1-C15) and H4K16ac (D1-D15). Representative images are shown for the indicated groups. GV oocytes showed intense staining for all four lysine residues (A2, B2, C2 and D2) and were not analyzed for a-tubulin because no spindle is present at this stage. At the MI stage, the majority of oocytes had no staining for H4K5ac (A4-6), H4K8 (B4-6) and H4K12ac (C4 -6). H4K16ac was positive in all tested MI oocytes (D7-9). In oocytes of the MII stage, a variable part of the oocytes showed no staining for the four tested lysine acetylations (A11 -D11). In oocytes with residual acetylation, histone lysine staining was observed (A14 -D14) overlapping with the DAPI-stained chromosomes (A13 -A15 to D13 -D15). Scale bar for A1 -A3, B1-B3, C1 -C3 and D1 -D3 represents 30 mm. Scale bar for A4 -A15, B4-B15, C4 -C15 and D4 -D15 represents 10 mm. Histone acetylation, aging and chromosome misalignment
The observed correlation between acetylation and misalignment may be indirect and caused by factors that increase with advancing maternal age and affect histone acetylation on the one hand and, independently, affect misalignment by a different mechanism. We thus wished to analyze whether advancing age and acetylation have independent effects on chromosomal misalignment in MII oocytes. Splitting the oocytes into three age categories of donor showed, however, a consistent percentage of misaligned metaphases in acetylated oocytes of, respectively, 86, 88 and 90% in the young, middle and advanced age groups (Supplementary data, Fig. S2C ). After correction for small numbers, the middle age group still showed a significant difference in the number of abnormal metaphases between acetylated and non-acetylated oocytes (Fisher's exact test, P ¼ 0.004).
Discussion
In this study, we examined the process of histone deacetylation during the final stages of human oocyte meiosis. Our observations suggest that inadequate histone deacetylation in human oocytes is correlated with both advanced maternal age and, independently, with aberrant chromosome alignment. Our results are supported by observational data from mouse oocytes showing a correlation between age and residual acetylation (Akiyama et al., 2004 (Akiyama et al., , 2006 as well as experimental data with mouse oocytes that showed a clear causal relationship between induced hyperacetylation and chromosomal misalignment in oocytes, resulting in aneuploidy in zygotes and fetal death (Akiyama et al., 2006) . This may indicate that with increasing age, oocytes increasingly fail to deacetylate their chromatin correctly, resulting in a failure to accurately align their chromosomes at metaphase, which predisposes the oocytes to aneuploidy. Studies in different animal models have shown that mouse, porcine, bovine and sheep oocytes have a general pattern of histone deacetylation during maturation from GV to MII, though not all lysine residues are regulated to the same extent in all studied species (Kim et al., 2003; De La Fuente et al., 2004; Endo et al., 2005; Tang et al., 2007; Maalouf et al., 2008; Manosalva and Gonzalez, 2009 ). Similar to mouse oocytes, we observed that in human GV oocytes, both NSN and SN configurations had acetylated chromatin, indicating that acetylation of H4 is not always associated with transcriptional activity and that it is more likely related to chromatin remodeling during the final stages of oocyte maturation (Figs 1A-F and 2 and mouse data not shown). Additionally, human oocytes showed deacetylation of H4 lysines during maturation from GV to MII that was similar to other mammals. Only H4K16ac did not show a similar deacetylation at the MI stage. However, the small numbers may not reflect the actual acetylation status of H4K16 at the MI stage in the general population. Although human oocytes showed variable percentages of deacetylation of individual lysine residues (Table I) , our data, together with data from animal studies, demonstrate that the process of general deacetylation of chromatin during the final stages of female meiosis is conserved among mammalian species. Because we mainly focused on H4K12ac, the reduced number of oocytes we used to investigate acetylation of the other lysines may have led to results which do not reflect accurately the actual percentage of residual acetylation. However, because we observed oocytes that were negative for acetylation on all lysine residues at the MII stage, we conclude that deacetylation of chromatin takes place during human oocyte maturation.
H4K12ac and maternal age
The oocytes analyzed for this study consisted of both good-quality Day 0 'virgin' oocytes as well as Day 1 failed fertilized oocytes. We did not see any significant differences with respect to acetylation or to metaphase alignment in these two groups of oocytes and thus analyzed them as one group. The observation that histone acetylation was not different between oocytes from Day 0 and Day 1 ICSI oocytes (39.7 versus 42.6%) might suggest that histone acetylation does not influence the capacity of the oocyte to be fertilized. In support of this, mouse oocytes treated with the HDAC inhibitor trichostatin A that resulted in hyperacetylation of histones, where not compromised in their fertilization rate, but only in their post-implantation development (Akiyama et al., 2006) .
Compared with the ICSI oocytes, the IVF oocytes showed a 10% higher, but not significant, remaining acetylation of 53.8%. This may be explained partially by the higher average age in the IVF group compared with the ICSI group (34 versus 32 years). However, it is also possible that IVF oocytes have a higher residual acetylation owing to predominance of a female factor in the IVF subfertility problem, whereas ICSI couples are more often subfertile because of a male factor. Our finding that correct deacetylation of chromatin during the final stage of oocyte maturation is negatively influenced by advanced maternal age may explain the decreased quality and developmental potential of oocytes from women of advanced maternal age (Hassold and Hunt, 2001; Pellestor et al., 2003; Jones, 2008) . Oocytes from young mice completely deacetylate their chromatin during maturation from GV to MII (Kim et al., 2003; Akiyama et al., 2006) . However, in our human population, 31.8% of the oocytes obtained from women under 31 years of age had residual acetylation. The average age of menarche is 12 years (Miller et al., 1980) , and the oocytes used in this study were donated by women with an average age of 32 years (24 -44 years). Therefore, the studied oocytes may not reflect the complete reproductive lifespan of the general human population, and the percentage of residual acetylation may be lower in adolescent women.
We have attempted to analyze whether advancing age leads to an increase in H4K12 acetylation that subsequentially results in misalignments, or whether these two parameters are independently related to advancing age. It is clear that the percentage of acetylated oocytes is increasing with advancing age (P ¼ 0.023-0.009). Unfortunately, grouping the data according to age, to acetylation status and to misalignment status (Supplementary data, Fig. S2C ) results in small sample numbers, from which no statistically firm conclusions can be drawn. Supplementary data, Fig. S2C suggests that the percentage of misalignments within the acetylated oocyte group is similar in all three age groups, implying that acetylation itself may be a main contributor to misalignment. Thus, it is most likely that oocytes with residual acetylation are inherently more susceptible to mis-segregation. The observation that women of advanced maternal age have a significantly higher percentage of residual acetylation than young women might therefore explain the higher incidence of aneuploidy oocytes in older women. Segregation errors, such as premature sister chromatid separation and non-disjunction of whole chromosomes, have been described in human oocytes of women of advanced maternal age (Angell, 1991; Kuliev et al., 2005; Garcia-Cruz et al., 2010a) . However, no molecular pathway has yet been identified that could explain the increased aneuploidy with advanced maternal age (Pellestor et al., 2003; Jones, 2008; Hassold and Hunt, 2009) . Studies in older mammalian oocytes have shown that mRNA levels of several genes are diminished, including structural factors that are critical for correct segregation (Fragouli et al., 2010; Grondahl et al., 2010; Steuerwald et al., 2001) . It should be kept in mind that in human oocytes, actual quantification data on protein levels for these factors are limited, and the threshold levels leading to mis-segregation are yet to be determined. Our data that show maternal age to be highly correlated with defective deacetylation point to a molecular pathway affecting genome-wide chromatin remodeling. Thus, catalytically active proteins, such as members of the HDAC family, might be essential for oocyte quality and potential. Unfortunately, detection of histone acetylation in single human oocytes simultaneously with activity measurements of individual HDACs is currently not possible.
Oocyte quality is influenced by interactions between the oocyte and its surrounding cumulus cells and granulosa cells, and is dependent on maternal age, lifestyle and environmental factors. Apart from age, other possible factors that may influence chromatin remodeling are FSH, which is known to affect oocyte quality and embryo aneuploidy (Baart et al., 2007) , a woman's BMI, which influences fecundability in several ways (Robker et al., 2009) and smoking, which is known to reduce HDAC activity in somatic cells (Ito et al., 2005) . Unfortunately, we were not able to obtain a sufficiently large data set to analyze these parameters in our group of oocytes.
Residual acetylation and segregation errors
Apart from maternal age, the only factor that has so far been unequivocally associated with the etiology of aneuploidy in humans is a reduced or altered placement of meiotic recombination (Lamb et al., 2005; Hassold and Hunt, 2009; Garcia-Cruz et al., 2010a) , but a mechanism for this is not known. Our finding that inadequate histone deacetylation is associated with aberrant chromosome alignment indicates that, in addition to abnormal meiotic recombination, defective histone deacetylation is a second molecular factor associated with oocyte aneuploidy. However, these two factors do not need to be mutually exclusive. In fact, the 'two-hit' hypothesis proposed by Lamb and Warren (Lamb et al., 1996; Warren and Gorringe, 2006) states that aneuploidy is caused by two independent events that occur at different times during oocyte development. The first 'hit' occurs at the prenatal stage, when ovaries and oocytes are formed and meiotic recombination takes place. Data from trisomic pregnancies provide evidence that recombination sites at specific positions on chromosomes are more susceptible to mis-segregation (Lamb et al., 1996 (Lamb et al., , 2005 Hassold and Hunt, 2009 ). The second 'hit' supposedly happens years later, after the resumption of maturation during the division stages, when these vulnerable oocytes are not able to detect and respond to this recombination failure. Studies in mitotic cells have shown that an artificially induced hyperacetylated state leads to aberrant localization of many kinds of proteins that are essential during the segregation process, such as the spindle assembly checkpoint proteins Mad2 and Bub1, proteins of the chromosome passenger complex and kinetochore and motor proteins, such as HP1 and Cenp E (Cimini et al., 2003; De La Fuente et al., 2004; Robbins et al., 2005; Eot-Houllier et al., 2008; Ma et al., 2008; Vogt et al., 2008) . Thus, it is possible that an atypical localization and function of these proteins caused by the disturbed interaction with a scaffold that is formed from inadequately remodeled, acetylated chromatin contributes to inaccurate chromosome alignment and chromosome mis-segregation during human female meiosis. Another factor implicated in age-related aneuploidy is the detoriation of the cohesion complex (Liu and Keefe, 2008; Chiang et al., 2010; Lister et al., 2010; Revenkova et al., 2010) . The cohesion complex holds the four chromatid bivalents together from prophase during fetal development onwards, until the oocyte is recruited for meiotic maturation, which may happen decades later. The proteolytic activity of separase will resolve the cohesion complex on the chiasmata in mouse oocytes only during the preparation for MI (Kudo et al., 2006 (Kudo et al., , 2009 . Four mutant mouse strains suggest that cohesions are involved in age-related aneuploidy (Hodges et al., 2005; Liu and Keefe, 2008; Revenkova et al., 2010; Tachibana-Konwalski et al., 2010) . Human data are not yet conclusive regarding the role of cohesions in human age-related aneuploidy (Garcia-Cruz et al., 2010b) , possibly because only oocytes from younger women, and RNA levels rather than protein levels, were studied. The chromatin forms a scaffold on which cohesions are loaded, thus, residual histone acetylation, such as H4K12 acetylation, may interfere with the stepwise cleavage of cohesion proteins. More research is needed to elucidate if the residual acetylation that we found in this study to be associated with maternal age has downstream effects on, for example, the cohesion and cohesion-related proteins in human oocytes.
The prospect of IVM of immature oocytes to good-quality mature oocytes for certain patient groups has been the attention of many studies. However, until now, IVM has not been very successful mainly because of the difficulty of developing optimal culture conditions (Gilchrist and Thompson, 2007) . Our study suggests that histone deacetylation may be an important feature of oocyte maturation and may be taken into consideration when optimizing culture conditions for IVM. Controlling proper remodeling of chromatin may be important to optimize IVM that allows GV oocytes to mature fully and divide their chromosomes correctly. However, more research is needed to relate the acetylation status of an oocyte to its developmental competence.
In conclusion, our data from human oocytes show that during human female meiosis, residual acetylation is significantly correlated with chromosome misalignment in both young and older women. Advanced maternal age leads to both significantly more oocytes with residual acetylation and more abnormal metaphases. Thus, after the first 'hit' of a susceptible meiotic recombination, defective histone deacetylation is possibly a second hit in the etiology of aneuploidy. 
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